###### Clinical Perspective

What Is New?
============

-   This is the first animal model to reproduce human arrhythmogenic right ventricular cardiomyopathy (ARVC) type 5, the most aggressive subtype of arrhythmogenic cardiomyopathy.

-   Transgenic mice expressing TMEM43 (transmembrane protein 43)--S358L show fibrofatty replacement of the myocardium and die at a young age.

-   This model confirms that TMEM43 is localized mostly at the nuclear membrane and provides new information on the pathophysiological mechanism of ARVC5.

-   As in other forms of ARVC, the glycogen synthase kinase-3β signaling pathway plays an important role in this disease.

What Are the Clinical Implications?
===================================

-   Using this animal model, our work tests 2 new therapeutic approaches for ARVC5, for which there are currently no effective therapies to prevent disease progression in humans.

-   Although the antifibrotic drug GM-CT-01 did not show a beneficial effect on transgenic mice expressing TMEM43-S358L, inhibition of glycogen synthase kinase-3β improved cardiac function and survival, opening the way to a new therapeutic approach focused on glycogen synthase kinase-3β inhibition that could be used in humans with ARVC5 in the future.

Arrhythmogenic cardiomyopathy (ACM)/arrhythmogenic right ventricular cardiomyopathy (ARVC) is an incurable genetically inherited disease that causes heart failure and sudden cardiac death.^[@R1],[@R2]^ ACM/ARVC is an autosomal dominant disease with rare recessive forms. To date, 15 independent loci and 13 dominant ACM/ARVC--causing genes have been linked to the condition. Up to 60% of ACM/ARVC cases have been attributed to mutations in genes encoding proteins of the desmosomal complex, with a significant minority caused by mutations in nondesmosomal genes.^[@R3]--[@R5]^ The most aggressive ACM/ARVC subtype is ACM/ARVC type 5 (ARVC5), which is caused by a point substitution (p.S358L) in a highly conserved TMEM43/LUMA (transmembrane region of transmembrane protein 43). The causal gene for ARVC5 was first described in families from Newfoundland (Canada) in 2008 as the cause of a fully penetrant aggressive disease with a high incidence of malignant ventricular arrhythmias.^[@R6]^ Since then, several other patients have been diagnosed around the globe. Prognosis is very poor, with more than half of affected men dying by the age of 50 years.^[@R7]^ The pathogenic mechanism of ARVC5 and the role of TMEM43 in the genesis of the disease are poorly understood, precluding the development of effective therapies.

Here, we report the characterization of the first transgenic mouse model of ARVC5. We analyzed disease development and progression in depth and determined the localization, function, and mechanism of action of TMEM43. Finally, we show that glycogen synthase kinase-3β (GSK3β) inhibition with a chemical inhibitor or by calcineurin Aβ1 (CnAβ1) overexpression improves cardiac function and survival of mice with ARVC5.

Methods
=======

Data Availability
-----------------

The data that support the findings of this study are available from the corresponding authors on reasonable request. RNA sequencing data are available at the GEO repository (GSE101301). Proteomic data are available at the PeptideAtlas repository (<http://www.peptideatlas.org/PASS/PASS01063>). Full Methods can be found in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/circulationaha.119.040366).

Mice
----

TMEM43 wild-type (TMEM43WT) and TMEM43 mutant (TMEM43mut) mice, in the C57BL/6JCrl (Charles River Laboratories) background, express human WT TMEM43 and human TMEM43-S358L, respectively, specifically in cardiomyocytes under the control of the myosin heavy chain (MHC) promoter. WT C57BL/6JCrl mice were used as controls. TMEM43mut male mice were crossed with α-myosin heavy chain--CnAβ1 mice^[@R8]^ to generate the double-transgenic mouse line TMEM43mut-CnAβ1. Male and female mice were used throughout the study. Mice were housed in an air-conditioned room with a 12-hour light/dark cycle with free access to water and chow. For the inhibition of galectin 3, TMEM43mut mice were randomized to the saline-treated control group (n=8) or the GM-CT-01--treated group (n=8). Mice were treated twice a week with intravenous injections of GM-CT-01 (120 mg/kg) or placebo (normal saline) in the tail vein from 5 weeks to 4 months of age. For GSK3β inhibition, mice were injected intraperitoneally daily with SB216763 (2.5 mg/kg per day). All procedures were approved by the Centro Nacional de Investigaciones Cardiovasculares Carlos III Ethics Committee and the Regional Government of Madrid (PA-27/13, PROEX-177/17). All animal experiments conformed to EU Directive 2010/63EU and Recommendation 2007/526/EC, enforced in Spanish law under Real Decreto 53/2013.

Echocardiography
----------------

Cardiac function, chamber dilatation, and wall thickness were analyzed in neonatal mice and in mice 3 and 5 weeks and 2 and 4 months of age by transthoracic 2D and M-mode echocardiography. Measurements were carried out by a blinded operator using a high-frequency ultrasound system with a 50-MHz linear probe for neonates and a 30-MHz probe for older mice (Vevo 2100, Visualsonics Inc). For ultrasound scans, mice were placed on a heating pad; neonates were not anesthetized, whereas older mice were kept under light anesthesia with isoflurane adjusted to obtain a target heart rate of 500±50 bpm. Left ventricular (LV) ejection fraction (EF) and LV end-diastolic volume were obtained from the long-axis view, and LV posterior wall in diastole was obtained from the short-axis view. Right ventricular systolic function was assessed indirectly from the tricuspid annular plane systolic excursion, estimated from maximum lateral tricuspid annulus movement obtained from a 2D 4-chamber apical view. Images were analyzed offline by an expert using the Vevo 2100 Workstation software. Animals were euthanized by gradually filling the chamber with carbon dioxide. Mice, hearts, and lungs were weighed after death.

Electrocardiograms
------------------

ECGs were obtained in unanesthetized neonates and in 3- and 5-week-old and 2- and 4-month-old anesthetized mice with bipolar limb leads (leads I, II, and III) and unipolar limb leads (leads aVR, aVL, and aVF) for 60 to 90 seconds. Measurements were taken by a blinded operator with mice (except for neonates) placed under light anesthesia with isoflurane (MP36R, BIOPAC Systems, Inc). ECGs were analyzed by an expert using Acqknowledge 4.1.1. for MP36R (BIOPAC Systems, Inc). Mean values were calculated from 10 consecutive standard ECG time intervals and waves.

Cell Culture, Transfection, and Immunofluorescence
--------------------------------------------------

P19 cells were transfected with the following HA-tagged expression vectors for TMEM43: TMEM43WT-Ct-HA, Nt-HA-TMEM43WT, TMEM43-S358L-Ct-HA, and Nt-HA-TMEM43-S358L, where Nt and Ct indicate attachment of the HA tag to the N-terminus or the C-terminus. Cells were fixed in 4% paraformaldehyde in PBS for 10 minutes at 4°C, permeabilized for 10 minutes with 0.1% Triton X-100/PBS, and incubated in 10% goat serum/PBS for 30 minutes at room temperature. Cells were incubated overnight in 1% goat serum/PBS with anti-HA (11583816001, Roche). After primary antibody incubation, cells were washed with PBS, incubated for 1 hour at room temperature with Alexa Fluor 488 goat anti-mouse immunoglobulin G (A-11029; Thermo Fisher Scientific) and DAPI in 1% goat serum/PBS, and mounted in Vectashield mounting medium. Images were acquired with a Nikon A1R multiline inverted confocal microscope, a Plan Apo VC 60×/1,4 Oil DIC N2 Oil objective, and Nikon NIS reprocessing software. Brightness and contrast were linearly adjusted with Adobe Photoshop CS5.1.

Immunoprecipitation
-------------------

TMEM43 immunoprecipitation experiments were performed in the P19 cell line. Briefly, cells were transfected as described above. Cells were lysed with TBS buffer (150 mmol/L NaCl, 20 mmol/L Tris-HCl, pH 7.4) supplemented with 1% Nonidet P-40, 5 mmol/L EDTA, 5 mmol/L MgCl~2~, and 1× complete protease, phosphatase, and acetylase inhibitors. Protein extracts were incubated with anti-HA--conjugated Dynabeads (Life Technologies) for 1 hour at 4°C. Beads were washed 3 times with lysis buffer containing 0.05% Nonidet P-40 and 5 times with lysis buffer without added detergent. Bound proteins were released from beads by boiling in 4× Laemmli sample buffer. Immunoprecipitates and input samples were resolved by SDS-PAGE or subjected to protein digestion followed by nanoliquid chromatography coupled to mass spectrometry for protein identification and quantification by peptide counting.^[@R9]^ The proteomics data set (raw and msf files and protein database) is available in the PeptideAtlas repository (<http://www.peptideatlas.org/PASS/PASS01063>, which can be downloaded via [ftp.peptideatlas.org](ftp.peptideatlas.org): username, PASS01063; password, FZ6532b).

Statistical Analysis
--------------------

All data are presented as mean±SEM. All data sets were analyzed for statistical significance by regular or repeated-measures 1-way ANOVA followed by Bonferroni or Dunnett posttest for multiple comparisons or 2-way ANOVA followed by Bonferroni posttest (GraphPad Prism), as indicated in the figure legends. Survival curves were compared by the log-rank (Mantel-Cox) test. Differences were considered statistically significant at *P*\<0.05.

Results
=======

Cardiac-Restricted Expression of Human TMEM43-S358L Induces Biventricular Dysfunction and Reduces Survival
----------------------------------------------------------------------------------------------------------

We generated transgenic mice expressing human TMEM43-S358L under the control of the α-myosin heavy chain promoter (TMEM43mut mice) to provide cardiac-specific expression of the mutant protein. As controls, we used mice overexpressing human WT TMEM43 (TMEM43WT mice) and WT littermates ([Figure IA--IC in the online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/circulationaha.119.040366)). TMEM43mut mice were dead by 6 months of age, with a median life span of 23 weeks, whereas TMEM43WT and WT mice showed no notable mortality at this age (Figure [1](#F1){ref-type="fig"}A).

![**TMEM43 (transmembrane protein 43)--S358L expression in cardiomyocytes causes severe cardiac dysfunction.** **A**, Wild-type mice (WT; n=27) and mice overexpressing either WT TMEM43 (TMEM43WT; n=29) or TMEM43-S358L (TMEM43mut; n=84) under the control of the α-myosin heavy chain (αMHC) promoter were monitored for 60 weeks, and their survival rate was determined from a Kaplan-Meier curve. The indicated *P* value was obtained with a log-rank test. **B** through **D**, Left ventricular ejection fraction (LVEF), end-diastolic volume (LVEDV), and tricuspid annular plane systolic excursion (TAPSE) measured by echocardiography at birth (Neon) and at 3 and 5 weeks and 2 and 4 months of age. **E**, Gross morphology of representative hearts from 4-month-old WT, TMEM43WT, and TMEM43mut mice; bar, 500 μm. Inset, A thrombus in the left atrium of a TMEM43mut mouse; bar, 50 μm. **F**, Ratio of heart weight to body weight (HW/BW) determined at birth and at 4 months. **G**, LV posterior wall thickness in diastole (LVPWd) analyzed by echocardiography. **H**, Ratio of lung weight to body weight (LW/BW) determined at birth and at 4 months. Graphs show mean±SEM. \*\**P*\<0.01, \*\*\**P*\<0.001, TMEM43mut vs WT. \#*P*\<0.05, \#\#*P*\<0.01, \#\#\#*P*\<0.001, TMEM43mut vs TMEM43WT. \$*P*\<0.05, \$\$*P*\<0.01, \$\$\$*P*\<0.001 for different time points vs neonates (**B**, **C**, and **G**) or 3 weeks (**D**) for each mouse line; 2-way regular (**B**, **C**, **F**, and **H**) or repeated-measures (**D** and **G**) ANOVA was used, followed by Bonferroni post-test; n=5 to 6 per group.](cir-140-1188-g001){#F1}

Echocardiography showed a decline in LVEF that was already evident in the TMEM43mut group at 2 months of age, indicating a loss of LV contractility (Figure [1](#F1){ref-type="fig"}B and [Table I and Video I in the online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/circulationaha.119.040366)). Accordingly, TMEM43mut mice also developed progressive LV dilatation with a high LV end-diastolic volume (Figure [1](#F1){ref-type="fig"}C). Right ventricular contractility was also reduced in TMEM43mut mice at 4 months of age (Figure [1](#F1){ref-type="fig"}D). Although death was slightly delayed in females, no significant differences in survival and cardiac function were observed between males and females ([Figure ID--IF in the online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/circulationaha.119.040366)).

Gross morphology at 4 months revealed a clear enlargement of TMEM43mut hearts compared with TMEM43WT and WT hearts (Figure [1](#F1){ref-type="fig"}E). TMEM43mut mice also had an elevated ratio of heart weight to body weight at 4 months (Figure [1](#F1){ref-type="fig"}F). However, no changes were observed in ventricular wall thickness (Figure [1](#F1){ref-type="fig"}G). Decreased cardiac function in TMEM43mut mice was accompanied by pulmonary congestion at 4 months (Figure [1](#F1){ref-type="fig"}H).

Electrocardiographic analysis showed progressive P-wave prolongation and defective depolarization of the atria in TMEM43mut mice, some of which developed atrial fibrillation and atrial paralysis (Figure [2](#F2){ref-type="fig"}A and [2](#F2){ref-type="fig"}D and [Table II in the online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/circulationaha.119.040366)). Similarly, TMEM43mut mice had ventricular disease, as evidenced by a progressive widening of the QRS complex (Figure [2](#F2){ref-type="fig"}B and [2](#F2){ref-type="fig"}E) and a progressive decrease in QRS amplitude (Figure [2](#F2){ref-type="fig"}C and [2](#F2){ref-type="fig"}F). No differences were observed between males and females ([Figure II in the online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/circulationaha.119.040366)). Together, the results of the ECG suggest that TMEM43mut mice develop electric defects already noticeable at 5 weeks of age.

![**TMEM43 (transmembrane protein 43) mutant (mut) mice show cardiac conduction defects.** **A** through **C**, Surface electrocardiographic analysis of cardiac conduction in wild-type (WT), TMEM43WT, and TMEM43mut mice 1 day (**A**), 5 weeks (**B**), and 4 months (**C**) of age. Shown are 0.6-second traces from the V~3~ lead. **D** through **F**, The p-wave duration (**D**) and QRS duration and amplitude (**E** and **F**) assessed at birth (Neon) and at 3 and 5 weeks and 2 and 4 months of age. Graphs show mean±SEM. \*\**P*\<0.01, \*\*\**P*\<0.001, TMEM43mut vs WT. \#\#\#*P*\<0.001, TMEM43mut vs TMEM43WT. \$\$\$*P*\<0.001 for different time points vs neonates for each mouse line; 2-way repeated-measures ANOVA followed by Bonferroni post-test; n=6.](cir-140-1188-g002){#F2}

TMEM43-S358L Expression in the Heart Induces Cardiomyocyte Death and Fibrofatty Replacement
-------------------------------------------------------------------------------------------

An important hallmark of human ACM/ARVC is the progressive fibrofatty replacement of the ventricular myocardium^[@R10]^; however, whether fibrofatty replacement is preceded by cardiomyocyte death has not been clearly demonstrated. We found a significant increase in circulating cardiac troponin I levels in TMEM43mut mice as early as 5 weeks of age (Figure [3](#F3){ref-type="fig"}A), indicating cardiomyocyte necrosis. We also investigated the activation of apoptosis by assessing the presence of procaspase 3 and cleaved caspase 3 in the hearts of these mice. At 2 months of age, TMEM43mut mice showed increased levels of cleaved caspase 3, which were maintained at 4 months, although the differences did not reach statistical significance (Figure [3](#F3){ref-type="fig"}B and [Figure IIIA in the online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/circulationaha.119.040366)). In addition, a similar trend was found for Beclin1, a key protein involved in autophagy^[@R11]^ (Figure [3](#F3){ref-type="fig"}C and [Figure IIIB in the online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/circulationaha.119.040366)). These results provide the first clear evidence implicating cell-death pathways in the early and sustained cardiomyocyte loss in ARVC5.

![**TMEM43 (transmembrane protein 43)--S358L causes cardiomyocyte death and replacement by fibrofatty tissue.** **A**, Serum troponin I (TnI) determined by ELISA in mice 3 and 5 weeks and 2, 3, and 4 months of age. **B** and **C**, Western blot analysis of the presence in myocardium of activated and total caspase 3 (casp-3; **B**) and beclin1 (Becl; **C**) at the indicated time points. **D** through **I**, Masson trichrome staining in myocardial sections from wild-type (WT; **D**), TMEM43WT (**E**), and TMEM43 mutant (mut) mice (**F** and **G**). Subepicardial adipocytes were stained with perilipin (**H**), and the percentage of fibrotic tissue was quantified (**I**). Bar, 500 μm (**D**--**F**), 50 μm (**G**), and 100 μm (**H**). Graphs show data points for individual mice and mean±SEM. Vinc indicates vinculin. **A** and **I**, \*\**P*\<0.01, \*\*\**P*\<0.001, TMEM43mut vs WT; \#*P*\<0.05, \#\#*P*\<0.01, \#\#\#*P*\<0.001, TMEM43mut vs TMEM43WT; \$*P*\<0.05, \$\$*P*\<0.01, \$\$\$*P*\<0.001 for different time points vs 3 weeks (**A**) or neonates (**I**) for each mouse line; 2-way regular ANOVA followed by Bonferroni post-test; n=6 to 18.](cir-140-1188-g003){#F3}

To determine whether dead cardiomyocytes were substituted by fibrotic tissue, we analyzed heart sections by Masson trichrome staining. TMEM43mut mice showed massive fibrosis in both ventricles at 4 months of age (Figure [3](#F3){ref-type="fig"}D--[3](#F3){ref-type="fig"}G). Mutant mice also showed accumulation of adipose tissue in the subepicardial layer and the myocardium, as revealed by perilipin staining (Figure [3](#F3){ref-type="fig"}H). Quantification of the fibrotic area confirmed the strong fibrotic response as disease progressed (Figure [3](#F3){ref-type="fig"}I). In line with these results, TMEM43mut mice showed an increase in collagen 1α1 mRNA at 2 and 4 months, together with strong induction of lysyl oxidase, which crosslinks collagen and elastin ([Figure IIIC and IIID in the online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/circulationaha.119.040366)). These changes were accompanied by increased expression of the myocardial remodeling markers skeletal muscle actin α1 and brain natriuretic peptide ([Figure IIIE and IIIF in the online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/circulationaha.119.040366)). Together, these results demonstrate that TMEM43-S358L induces cardiomyocyte death followed by fibrotic replacement.

Epicardium-Derived Cells Contribute to the Fibrotic Replacement of Cardiomyocytes
---------------------------------------------------------------------------------

Using the *Cre-LoxP* technology and cell type--specific promoters, we generated 4 sets of lineage-tracing mice to determine the contribution made to the fibrotic replacement by endothelial cells (Tie2-Cre), macrophages (LysM-Cre), cardiomyocytes (cTnT-Cre), and epicardium-derived cells (Wt1-Cre). In addition to the TMEM43mut transgene, each line carried a floxed reporter allele (*EYFP*, *RFP*, or *GFP*) preceded by a STOP codon that was removed on recombination by the Cre recombinase. In these mice, Cre-expressing cells and their progeny were permanently labeled by expression of the reporter ([Figure IVA--IVQ in the online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/circulationaha.119.040366)). To locate collagen fibers in myocardial tissue, we used second-harmonic-generation microscopy ([Figure IVA in the online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/circulationaha.119.040366)), which highlights organized mature collagen fibers, and confocal reflection microscopy ([Figure IVB in the online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/circulationaha.119.040366)), which reveals general tissue fibrosis. Labeled macrophages were found in the tissue but did not colocalize with the collagen fibers ([Figure IVC--IVE in the online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/circulationaha.119.040366)), and neither did the cardiomyocytes or endothelial cells ([Figure IVF--IVH and IVO--IVQ in the online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/circulationaha.119.040366)). In contrast, both second-harmonic-generation and reflection microscopy revealed colocalization of epicardium-derived cells and collagen fibers in TMEM43mut hearts ([Figure IVI--IVN in the online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/circulationaha.119.040366)). These results indicate that epicardium-derived cells (which are likely resident fibroblasts derived from the epicardium during development) are the main cell type contributing to the massive interstitial fibrosis observed in ARVC5.

TMEM43 Is Located in the Nuclear Membrane and Interacts With Cytoskeleton-Binding Proteins
------------------------------------------------------------------------------------------

There is currently controversy about whether TMEM43 is located within the nuclear rim,^[@R12]^ the endoplasmic reticulum,^[@R13]^ or the intercalated disk.^[@R14]^ To investigate the cellular localization of WT and S358L human TMEM43 and their interacting partners, we first modeled TMEM43-S358L and WT TMEM43 proteins in silico. The p.S358L mutation in transmembrane domain 3 (red in Figure [4](#F4){ref-type="fig"}A and [4](#F4){ref-type="fig"}B) predicted disruption of 3D protein structure and lower structural stability for TMEM43-S358L compared with WT TMEM43. TMEM43-S358L also showed higher hydrophobicity than the WT form, reducing the availability of the transmembrane domain 4 (dark blue in Figure [4](#F4){ref-type="fig"}A and [4](#F4){ref-type="fig"}B), which is predicted to interact with a partner protein. The p.S358L mutation also affected the structure of the transmembrane domain 1 (orange in Figure [4](#F4){ref-type="fig"}A and [4](#F4){ref-type="fig"}B), which is necessary for TMEM43 dimerization. Because a previous report suggested that TMEM43 function requires dimerization through transmembrane domain 1,^[@R15]^ we also modeled homodimers and heterodimers of TMEM43WT and TMEM43mut. In silico modeling of the heterodimer WT TMEM43-TMEM43-S358L revealed a distorted structure compared with the WT TMEM43 homodimer (Figure [4](#F4){ref-type="fig"}C and [4](#F4){ref-type="fig"}D).

![**The S358L mutation alters TMEM43 (transmembrane protein 43) conformation and protein interactions.** **A** through **F**, In silico modeling of the tertiary structure of wild-type (WT; **A**, **C**, and **E**, light blue) and mutant (mut) TMEM43 (**B**, **D**, and **F**, green) as monomers (**A** and **B**), dimers (**C** and **D**), or in complexes with emerin (EMD; purple molecule; **E** and **F**). Orange indicates transmembrane domain 1; red, transmembrane domain 3; dark blue, transmembrane domain 4; and black residue, S358L mutation. **G**, HA-tagged TMEM43WT and TMEM43mut were expressed in P19 cells and immunoprecipitated (IP) with anti-HA. The presence of TMEM43, EMD, and β-actin in the input and immunoprecipitate was analyzed by Western blot. **H** through **M**, Immunofluorescence analysis of TMEM43 localization in myocardial sections from 4-month-old TMEM43WT (**H**, **J**, and **L**) and TMEM43mut mice (**I**, **K**, and **M**) with 3 different anti-TMEM43 antibodies (**H** and **I**, Abcam; **J** and **K**, Santa Cruz; **L** and **M**, antibodies generated by Franke et al^[@R14]^). Green indicates TMEM43; red, troponin I (only for **H** and **I**); and blue, DAPI. White arrowheads indicate partial TMEM43 localization in the cytoplasm. Bar, 20 μm.](cir-140-1188-g004){#F4}

TMEM43 protein sequence is highly conserved along evolution.^[@R8]^ Nevertheless, the in silico model of mouse TMEM43 shows a different tertiary structure compared with the human protein, with a nonstructured loop arranging transmembrane domains 3 and 4 differently ([Figure VA in the online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/circulationaha.119.040366)). Most important, the p.S358L mutation has virtually no effect on the mouse TMEM43 structure, and mouse TMEM43-S358L shows only minimal differences with the WT protein ([Figure VB and VC in the online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/circulationaha.119.040366)). These results probably explain why TMEM43-S358L knock-in mice have no disease phenotype,^[@R16]^ whereas transgenic mice expressing the human protein develop ARVC5.

TMEM43 has been suggested to interact with emerin (Emery-Dreifuss muscular dystrophy \[EMD\]) and SUN2 (SUN domain-containing protein).^[@R15]^ We therefore modeled the interaction of these proteins with human TMEM43 dimers. The WT-mutant TMEM43 heterodimer showed an interaction with EMD (purple in Figure [4](#F4){ref-type="fig"}E); however, this interaction was predicted to abnormally embed EMD in the nuclear membrane (Figure [4](#F4){ref-type="fig"}F). This would have the effect of blocking EMD function because it would prevent its interaction with lamin A (the pocket in EMD that interacts with lamin A is indicated by an arrow in Figure [4](#F4){ref-type="fig"}E and [4](#F4){ref-type="fig"}F). This in silico prediction was validated by immunoprecipitation in P19 cells transfected with expression plasmids for HA-tagged WT TMEM43 and TMEM43-S358L, which revealed weaker interaction of EMD with TMEM43-S358L than with the WT form (Figure [4](#F4){ref-type="fig"}G). These results suggest that the p.S358L point mutation in human TMEM43 results in a dominant-negative form of TMEM43, disrupting the activity of the WT form.

Histological analysis of hearts from 4-month-old mice using 3 different anti-TMEM43 antibodies showed perinuclear localization of TMEM43 in TMEM43WT mice, whereas the TMEM43-S358L protein was partially delocalized in the cytoplasm in TMEM43mut mice (Figure [4](#F4){ref-type="fig"}H--[4](#F4){ref-type="fig"}M). As in desmoplakin ACM/ARVC and other ARVC models,^[@R17],[@R18]^ TMEM43mut mouse hearts showed mislocalization of connexin 43 ([Figure VI in the online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/circulationaha.119.040366)).

To validate those results, we analyzed TMEM43 localization in P19 cells transfected with plasmids expressing HA-tagged TMEM43 proteins. We found partial cytoplasmic localization of TMEM43-S358L, regardless of whether the HA tag was placed at the N- or the C-terminus, whereas the WT protein showed a mainly perinuclear staining ([Figure VII in the online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/circulationaha.119.040366)). The perinuclear localization of WT TMEM43 in the nuclear membrane is in agreement with several previous reports.^[@R13],[@R15],[@R16],[@R19]--[@R21]^ It should be acknowledged, however, that TMEM43 has also been reported in desmosomes.^[@R14]^ Although we could not detect TMEM43 in these structures by immunofluorescence, we did see an interaction with desmosomal proteins in immunoprecipitation experiments ([Table III in the online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/circulationaha.119.040366)), suggesting that a fraction of TMEM43 may be localized in desmosomes.

To gain insight into the molecular partners of TMEM43, we immunoprecipitated the WT and the mutant protein from transfected P19 cells using an anti-HA antibody. Quantitative proteomics of the coprecipitating proteins identified several cytoskeleton and cytoskeleton-interacting proteins among the binding partners for WT TMEM43, including actin, actinin, spectrin, shroom 3, myosin, and formin-like 2 ([Table III in the online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/circulationaha.119.040366)). Many of these interactions were reduced in cells expressing TMEM43-S358L. Immunoprecipitation and Western blot analysis confirmed the reduced interaction of TMEM43-S358L with α-actin compared with the WT TMEM43 form (Figure [4](#F4){ref-type="fig"}G). Interestingly, the mutant TMEM43 protein showed increased interaction with the AKT modulator Pa2g4 ([Table III in the online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/circulationaha.119.040366)), which might affect this signaling pathway.

Antifibrotic Treatment Does Not Improve Cardiac Function in ARVC5 Mice
----------------------------------------------------------------------

Increased interstitial fibrosis is a hallmark of human ARVC5 and was evident in TMEM43mut mice. Interstitial fibrosis increases passive stiffness, causes electric remodeling, and enhances arrhythmogenicity, further contributing to cardiac remodeling and dysfunction.^[@R1],[@R22]^ To investigate whether reducing interstitial fibrosis could improve heart function in ARVC5, we treated mice with the β-galactoside--binding lectin Gal-3 (galectin-3) inhibitor GM-CT-01, a known antifibrotic drug^[@R23]^.

Gal-3 is highly expressed in fibrotic tissues^[@R23]^ and mediates extracellular matrix remodeling in heart failure.^[@R24]^ Gal-3--null mice are resistant to fibrotic disease of several organs, including liver, kidney, and lung.^[@R25]^ RNA sequencing revealed increased expression of the Gal-3-encoding gene (*Lgals3*) in the hearts of 2-month-old TMEM43mut mice, together with other genes involved in the immune response and fibrosis ([Table IV and Figure VIII in the online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/circulationaha.119.040366)). No major changes in transcript isoforms were detected ([Table V in the online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/circulationaha.119.040366)). Validation by quantitative reverse-transcribed polymerase chain reaction showed a strong induction of Lgals3 in TMEM43mut mice at 2 and 4 months of age (Figure [5](#F5){ref-type="fig"}A), which was confirmed by Western blot (Figure [5](#F5){ref-type="fig"}B and [5](#F5){ref-type="fig"}C). To investigate whether inhibition of Gal-3--regulated profibrotic pathways could improve heart function in ARVC5, we conducted blinded controlled in vivo experiments in TMEM43mut mice. The mice were treated with either saline or GM-CT-01, a galactomannan with antifibrotic properties^[@R26]^ that inhibits Gal-3 by binding to its carbohydrate-binding domain, which is necessary for the formation of Gal-3 pentamers.^[@R23]^ We then analyzed heart sections for collagen content by Masson trichrome staining and type by staining with Picrosirius red. Picrosirius red binds specifically to collagen fibrils of varying diameters and distinguishes between collagen type I, which confers stiffness to the tissue, and collagen type III, which is more elastic. Treatment with GM-CT-01 triggered a significant switch in the collagen type in TMEM43mut hearts from collagen type I to collagen type III (Figure [5](#F5){ref-type="fig"}D). Although the sum of the collagen fibers seemed to decrease with GM-CT-01, the total fibrotic area was not reduced (Figure [5](#F5){ref-type="fig"}E). LVEF was comparable in GM-CT-01--treated and saline-treated TMEM43mut mice (Figure [5](#F5){ref-type="fig"}F). These results suggest that although collagen in the heart changes to a more elastic type, this is not sufficient to restore cardiac function.

![**Inhibition of fibrosis does not improve cardiac function in TMEM43 (transmembrane protein 43) mutant (mut) mice.** **A**, Quantitative reverse-transcribed polymerase chain reaction analysis of myocardial galectin-3 (Lgals3) expression in the mouse lines at the indicated ages. **B** and **C**, Western blot analysis (**B**) and quantification (**C**) of Gal-3 (galectin-3) protein levels at different time points in the 3 mouse lines at 4 months of age. **D**, TMEM43mut mice were treated with GM-CT-01 (GM; 120 mg/kg) or saline (Sal), and myocardial sections were stained with Picrosirius red to determine the maturity of the collagen fibers in each ventricle. **E**, The percentage of fibrotic tissue in the hearts of 4-month-old mice was quantified by Masson trichrome staining. **F**, Echocardiography-determined left ventricular (LV) ejection fraction (LVEF) in 5-week-, 2-month-, and 4-month-old TMEM43mut mice treated with GM-CT-01 or saline. Graphs show data points for individual mice and mean±SEM. AU indicates arbitrary units; and RV, right ventricle. **A**, \*\*\**P*\<0.001, TMEM43mut vs WT; \#\#\#*P*\<0.001, TMEM43mut vs TMEM43WT; \$\$\$*P*\<0.001 for different ages vs neonates for each mouse line; n=3 to 8; 2-way regular ANOVA followed by Bonferroni post-test. **C**, \*\**P*\<0.01, TMEM43mut vs WT; \#\#*P*\<0.01, TMEM43mut vs TMEM43WT; 1-way ANOVA with Bonferroni correction. **D**, †††*P*\<0.001, GM-CT-01 vs saline. **E** and **F**, ‡‡‡*P*\<0.001 vs 5 weeks; 2-way regular ANOVA followed by Bonferroni post-test; n=7 to 8.](cir-140-1188-g005){#F5}

TMEM43-S358L Causes Cell Death by Activating GSK3β
--------------------------------------------------

GSK3β is mislocalized and activated in other ARVCs, both in patients and in mouse models.^[@R18],[@R27]^ In addition, GSK3β inactivation is beneficial in several pathological settings, including myocardial infarction^[@R28],[@R29]^ and pressure overload.^[@R30]^ To determine whether this signaling pathway was disturbed in ARVC5, we first investigated whether GSK3β activation was altered by TMEM43-S358L. We observed that GSK3β phosphorylation is decreased in TMEM43mut mice compared with their WT littermates (Figure [6](#F6){ref-type="fig"}A and [6](#F6){ref-type="fig"}B), indicating increased GSK3β activation. This was accompanied by reduced phosphorylation (indicating decreased activation) of its upstream regulatory kinase AKT (Figure [6](#F6){ref-type="fig"}A and [6](#F6){ref-type="fig"}C). To determine whether TMEM43-S358L had any effect on β-catenin transcriptional activity, which is inhibited by GSK3β we transfected neonatal cardiomyocytes with an expression vector for the different TMEM43 constructs together with a reporter plasmid in which luciferase is controlled by several β-catenin--activated TCF binding sites. We found that human TMEM43-S358L decreased β-catenin activation, whereas mouse TMEM43-S358L did not (Figure [6](#F6){ref-type="fig"}D). This decrease was prevented by the GSK3β inhibitor CHIR99021 (Figure [6](#F6){ref-type="fig"}E).

![**TMEM43 (transmembrane protein 43) p.S358L promotes cell death by activating glycogen synthase kinase-3β (GSK3β).** **A** through **C**, TMEM43 mutant (mut) mice were crossed with α-myosin heavy chain--calcineurin Aβ1(CnAβ1) mice overexpressing CnAβ1 in cardiomyocytes (TMEM43mut-CnAβ1 mice). The presence of total and phosphorylated (Ser9) GSK3β, as well as total and phosphorylated (Ser473) AKT, was assessed by Western blot in myocardial samples from wild-type (WT), TMEM43WT, TMEM43mut, and TMEM43mut-CnAβ1 mice (**A**) and quantified (**B** and **C**). Increased phosphorylation of GSK3β indicates inactivation; n=3 to 11. **D** and **E**, Neonatal mouse cardiomyocytes were transfected with a reporter plasmid in which luciferase expression is controlled by a β-catenin--dependent TCF multimer, together with expression plasmids for human (h; **D** and **E**) or mouse (m; only in **D**) WT TMEM43, TMEM43-S358L, and CnAβ1. Empty pcDNA3.1 was used as a negative control. When indicated, the GSK3β inhibitor CHIR99021 (Chir; 3 μmol/L) was added. **F**, Percentage of viable P19 cells transfected with expression plasmids for human WT TMEM43 and TMEM43-S358L grown in the absence of serum for 32 hours. The GSK3β inhibitor CHIR99021 (3 μmol/L) was added when indicated. As a positive control of cell death, P19 cells were incubated with 10% ethanol for 5 hours. **G**, Sixty-week Kaplan-Meier survival curves for WT (n=27), TMEM43mut (n=84), and TMEM43mut-CnAβ1 mice (n=38). The indicated *P* value was obtained with a log-rank test. **H** and **I**, Serum troponin I (TnI) determined by ELISA in the indicated mice 3 and 5 weeks and 2 and 4 months of age. In **I**, TMEM43mut mice were treated with the GSK3β inhibitor SB-216763 (SB) or dimethyl sulfoxide (DMSO) as a vehicle control; n=4 to 5. Graphs show mean±SEM. **B** through **D** and **F**, \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001 vs WT animals or control vector; \#\#*P*\<0.01, \#\#\#*P*\<0.001 vs TMEM43WT. **B**, δδδ*P*\<0.001 vs TMEM43mut; δδ*P*\<0.01 CHIR99021-treated cells vs untreated. **H**, \*\**P*\<0.01, \*\*\**P*\<0.001 vs WT; †††*P*\<0.001, TMEM43mut vs TMEM43mut-CnAβ1. **I**, ‡‡‡*P*\<0.001, SB vs DMSO. **B** through **F**, One-way ANOVA followed by Dunnett posttest; n=3 to 11. **H** and **I**, Two-way ANOVA followed by Bonferroni posttest; n=10. Note that WT and TMEM43mut mice data for **G** and **H** are those shown in Figures [1](#F1){ref-type="fig"}A and [3](#F3){ref-type="fig"}A, respectively, and are repeated here for comparative purposes.](cir-140-1188-g006){#F6}

Because the AKT pathway is strongly involved in cell survival, we investigated the effect of TMEM43-S358L on cell viability. Expression of TMEM43-S358L in P19 cells resulted in increased cell death in the absence of growth factors. This effect was precluded by the GSK3β inhibitor (Figure [6](#F6){ref-type="fig"}F). Together, these results indicate that TMEM43-S358L expression interferes with the AKT signaling pathway, resulting in GSK3β activation and increased cell death.

Treatment of TMEM43mut Mice With CnAβ1 Prolongs Survival and Improves Cardiac Function
--------------------------------------------------------------------------------------

CnAβ1, a naturally occurring splice variant of calcineurin Aβ, has a beneficial effect on the heart after injury.^[@R8],[@R31]^ The distinct properties of CnAβ1 are conferred by a unique C-terminal domain, not present in any other known protein.^[@R32]^ More important, CnAβ1 is required for the activation of the AKT/GSK3β/β-catenin signaling pathway, which results in inhibition of GSK3β and activation of β-catenin.^[@R33]^

To determine whether CnAβ1 overexpression could revert the activation of GSK3β induced by TMEM43-S358L, we crossed TMEM43mut mice with mice overexpressing CnAβ1 in a cardiomyocyte-specific manner.^[@R8]^ We found that AKT activity was preserved in the hearts of double-transgenic mice and that, accordingly, GSK3β was not activated (Figure [6](#F6){ref-type="fig"}A--[6](#F6){ref-type="fig"}C). In addition, CnAβ1 restored β-catenin activity (Figure [6](#F6){ref-type="fig"}E).

Given that CnAβ1 activates AKT and inhibits GSK3β, we next investigated whether CnAβ1 overexpression improves cardiac function in the double-transgenic animals. Most notably, CnAβ1 significantly expanded the life span of the mutant mice to a median of 28 weeks (Figure [6](#F6){ref-type="fig"}G). Circulating cardiac troponin I levels were significantly reduced at 2 months of age in TMEM43mut-CnAβ1 mice (Figure [6](#F6){ref-type="fig"}H), suggesting a partial reduction of cardiomyocyte necrosis in the double-transgenic mice. Similarly, chemical inhibition of GSK3β with SB-216763 in TMEM43mut mice resulted in reduced serum cardiac troponin I, reinforcing the idea that GSK3β activation has a causal role in cardiomyocyte death induced by TMEM43-S358L.

Echocardiography assessment showed significantly superior LV function in TMEM43mut-CnAβ1 mice compared with TMEM43mut mice at 4 months of age (Figure [7](#F7){ref-type="fig"}A and [Table VI and Video II in the online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/circulationaha.119.040366)). LV dilatation was also reduced in double-transgenic animals, although the differences with TMEM43mut mice did not reach significance (Figure [7](#F7){ref-type="fig"}B). TMEM43mut-CnAβ1 mice also showed a small improvement in right ventricular function (tricuspid annular plane systolic excursion; Figure [7](#F7){ref-type="fig"}C) and improved electrocardiographic parameters compared with TMEM43mut mice (Figure [7](#F7){ref-type="fig"}D--[7](#F7){ref-type="fig"}F and [Table VII in the online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/circulationaha.119.040366)).

![**Calcineurin Aβ1 (CnAβ1) overexpression and chemical inhibition of glycogen synthase kinase-3β (GSK3β) improve cardiac function in TMEM43 (transmembrane protein 43) mutant (mut) mice.** **A** through **C**, Left ventricular (LV) ejection fraction (EF; **A**), LV end-diastolic volume (LVEDV; **B**), and tricuspid annular plane systolic excursion (TAPSE; **C**) were determined by echocardiography in 4-month-old mice. **D** through **F**, Surface electrocardiographic determination of p-wave duration (**D**) and QRS duration and amplitude (**E** and **F**). **G** and **H**, Gross heart morphology (**G**) and ratio of heart weight to body weight (HW/BW; **H**) in 4-month-old mice; bar, 500 μm. **I**, Picrosirius red staining analysis of collagen fibers in myocardial sections. **J**, LVEF was determined by echocardiography in 4-month-old TMEM43mut mice treated with the GSK3β inhibitor SB-216763 (SB) or dimethyl sulfoxide (DMSO) as a control. **K** and **L**, The p-wave (**K**) and QRS (**L**) durations were analyzed by ECG in TMEM43mut (Tmut) mice treated as in **J**. **M**, Ratio of heart weight to body weight (HW/BW; **H**) in 4-month-old TMEM43mut mice treated as in J. Graphs in A to F, H and J-M show data with mean±SEM. **A** through **F** and **H**, \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001, TMEM43mut or TMEM43-CnAβ1 vs WT; \#*P*\<0.05, \#\#\#*P*\<0.001, TMEM43mut-CnAβ1 (Tm-Cn) vs TMEM43mut; 1-way ANOVA followed by Bonferroni posttest; n=6 to 8. **I**, \*\**P*\<0.01, \*\*\**P*\<0.001, collagen (Col) type III TMEM43mut vs WT; ††*P*\<0.01 Col I TMEM43mut-CnAβ1 vs TMEM43mut; ‡‡‡*P*\<0.001, Col III TMEM43-CnAβ1 vs TMEM43mut; 2-way ANOVA followed by Bonferroni posttest; n=3 to 6. Note that WT and TMEM43mut mice data for **A** through **F** and **H** are those shown in Figures [1](#F1){ref-type="fig"}B through [1](#F1){ref-type="fig"}D, [2](#F2){ref-type="fig"}D through [2](#F2){ref-type="fig"}F, and 1F and are repeated here for comparative purposes. **J** through **M**, \$\$*P*\<0.01, SB2 vs DMSO, 2-sample *t*test; n=7 to 9.](cir-140-1188-g007){#F7}

Evaluation of gross heart morphology at 4 months showed that TMEM43-CnAβ1 hearts were considerably smaller than those of the TMEM43mut mice (Figure [7](#F7){ref-type="fig"}G). In addition, TMEM43-CnAβ1 mice had a significantly lower ratio of heart weight to body weight than TMEM43mut mice (Figure [7](#F7){ref-type="fig"}H) and showed no evidence of pulmonary congestion ([Figure IXA in the online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/circulationaha.119.040366)).

Examination of fibrotic tissue by Masson trichrome staining revealed no differences in total collagen content between TMEM43-CnAβ1 and TMEM43mut hearts ([Figure IXB and IXC in the online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/circulationaha.119.040366)). However, analysis of fibers by Picrosirius red staining indicated that TMEM43-CnAβ1 mice accumulated stiffer fibers (richer in collagen I) than TMEM43mut mice (Figure [8](#F8){ref-type="fig"}I).

![**Human induced pluripotent stem cell--derived cardiomyocytes (hiPSC-CMs) bearing the p.TMEM43 (transmembrane protein 43)--S358L mutation develop contractile dysfunction.** **A** through **C**, hiPSC-CMs bearing the wild-type (WT) alleles or a heterozygous p.TMEM43-S358L mutation (Mut) were loaded with 5 µmol/L Fluo 4-AM, and Ca^2+^ transients were imaged in individual cells under a confocal microscope in the presence or absence of 1 µmol/L isoproterenol (Iso). **D** through **G**, WT and mutant hiPSC-CM beating was video recorded, and contraction duration (**D**), time to peak (**E**), relaxation time (**F**), and contraction amplitude (**G**) were measured. **H** through **K**, WT and mutant hiPSC-CMs were treated with the glycogen synthase kinase-3β (GSK3β) inhibitor CHIR99021 (GSK3β in.) or dimethyl sulfoxide (DMSO) as a control and different contraction parameters were measured. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001, mutant vs WT cells. \#\#\#*P*\<0.001 and adjusted *P* values in **H** and **I** refer to GSK3β inhibitor vs DMSO. **D** through **G**, Two-sample *t* test; **H** through **K**, regular 2-way ANOVA with Bonferroni posttest; n=10 to 20; (**B** and **C**) 46 to 49; and (**D**--**G**); n=12-69.](cir-140-1188-g008){#F8}

In agreement with the beneficial effect of CnAβ1 on cardiac function, treatment of TMEM43mut mice with the GSK3β inhibitor SB-216763 resulted in improved EF and a partial normalization of electric abnormalities (Figure [7](#F7){ref-type="fig"}J--[7](#F7){ref-type="fig"}M). Together, these results demonstrate that GSK3β inhibition, either chemically or by CnAβ1 overexpression, improves cardiac function in mice with ARVC5.

Human Induced Pluripotent Stem Cell--Derived Cardiomyocytes Bearing the p.S358L Mutation Show Contraction Abnormalities That Are Normalized by GSK3β Inhibition
---------------------------------------------------------------------------------------------------------------------------------------------------------------

To determine whether the p.S358L mutation induces a disease-associated phenotype also in human cells, we developed mutant human induced pluripotent stem cell (hiPSC)--derived cardiomyocytes (hiPSC-CMs) and compared their contraction behavior with that of WT cells. No significant differences in Ca^2+^ transient parameters were found between phenotypes at baseline (Figure [8](#F8){ref-type="fig"}A--[8](#F8){ref-type="fig"}C). However, in the presence of 1 µmol/L isoproterenol, both the rising and decay phases of the Ca^2+^ transient were slower in the mutant phenotype. These results were confirmed by measuring hiPSC-CM contraction with a recently reported algorithm.^[@R34]^ We found significantly increased contraction duration, time to peak, and relaxation time in mutant hiPSC-CMs, accompanied by decreased contraction amplitude (Figure [8](#F8){ref-type="fig"}D--[8](#F8){ref-type="fig"}G). GSK3β inhibition partially reduced contraction time and improved contraction overall (Figure [8](#F8){ref-type="fig"}H--[8](#F8){ref-type="fig"}K), reinforcing the idea that GSK3β plays a relevant role in ARVC5.

Discussion
==========

ARVC5 is a devastating disease that causes sudden cardiac death and heart failure.^[@R6]^ It is caused by a point mutation in TMEM43, a transmembrane protein that, as shown here, is located in the nuclear membrane in its WT form. Despite efforts, this disease remains incurable and has no specific therapy. To develop therapies to delay the onset or to slow the progression of ARVC5, it is necessary to define the initial molecular events and pathophysiological mechanisms. We therefore performed a step-by-step characterization of the first ARVC5 transgenic mouse line (TMEM43mut) from the early stages of the disease to the latest manifestations of the ACM/ARVC phenotype. TMEM43mut mice show biventricular systolic dysfunction as the disease progresses and considerable accumulation of fibrofatty tissue, thus reproducing the human condition, which also shows biventricular affectation in 43% of the cases.^[@R7]^ Unlike other ACM/ARVC mouse models,^[@R17],[@R27],[@R35]--[@R37]^ TMEM43mut hearts accumulate fat in the right ventricle, although to a lower extent than observed in human patients, likely as a result of the absence of subepicardial fat in the mouse heart.

The first disease manifestations in TMEM43mut mice are electric abnormalities, observed as early as 5 weeks of age in ECG. Interestingly, no sudden cardiac death or appropriate implantable cardioverter-defibrillator discharge has been reported so far in ARVC5 patients \<19 years of age.^[@R38]^ This corresponds to the onset of the disease at 5 weeks of age observed in our ARVC5 mouse model. Electric features preceded anatomic defects, as also described in other ARVC mouse models.^[@R39]^ Although the molecular mechanisms that underlie cellular uncoupling and consequent conduction abnormalities are poorly understood,^[@R40]^ mislocalization of connexin 43 that results in gap-junction remodeling would contribute to defects in impulse propagation and might explain the early phenotype.^[@R17]^

We show that mutant TMEM43 causes progressive cardiomyocyte loss through activation of cell-death pathways. Necrosis started early in life, as shown by cardiac troponin I levels, whereas apoptosis and autophagy appeared only in the later stages of the disease, suggesting that necrosis is the main pathway leading to early cardiomyocyte death. Sustained cardiomyocyte loss in TMEM43mut hearts progressively led to the replacement of dead cells by fibrofatty tissue, eventually leading to massive interstitial fibrosis in all 4 chambers. We show that epicardium-derived cells contribute strongly to cardiac fibrosis in this model, as has also been shown for other heart diseases, including myocardial infarction.^[@R41]^ Given that many resident fibroblasts in the adult heart are derived from Wt1^+^ epicardial cells during embryonic development, it is likely that the epicardium-derived cells contributing to cardiac fibrosis in TMEM43mut mice are resident cardiac fibroblasts. We found no contribution from macrophages, endothelial cells, or cardiomyocytes, although we cannot rule out contributions from other cell types not tested here.

The role of fibrosis in ACM/ARVC is unclear; it could represent either a pathological mechanism or a compensatory response. Treating our mouse lines with a Gal-3 inhibitor that has antifibrotic properties altered the collagen type III/I ratio to a more elastic fiber conformation. This, however, had no beneficial effect on cardiac function. These results suggest that the fibrotic response developed in ARVC5 tries to compensate for the loss of cardiomyocytes but would not be an appropriate therapeutic target.

The Wnt/GSK3β/β-catenin signaling pathway seems to play a central role in the pathogenesis of other forms of ARVC and is a key regulator of myogenesis^.7^.GSK3β modulates this signaling pathway by phosphorylating β-catenin, promoting its rapid turnover by the proteasome. We show here that TMEM43-S358L inhibits AKT, which results in GSK3β activation and inhibition of β-catenin--dependent transcription. We also show that expression of mutant TMEM43 in cell culture causes significant cell death in a GSK3-dependent manner, demonstrating the functional involvement of GSK3β in the deleterious effects of TMEM43-S358L. Although it is unclear how it inhibits AKT, we found that TMEM43-S358L interacts with the AKT modulator Pa2g4 (EBP1 \[Erbb3 interacting protein\]). Interaction of Pa2g4 with AKT inhibits apoptosis and promotes cell survival.^[@R42],[@R43]^ Therefore, it is tempting to speculate that by binding Pa2g4, TMEM43-S358L interferes with the Pa2g4-AKT interaction and thereby reduces the antiapoptotic effect of AKT. Overexpression of the calcineurin variant CnAβ1, which activates the AKT pathway and inhibits GSK3β, significantly expands the life span and improves cardiac function in TMEM43mut mice. TMEM43mut-CnAβ1 mice showed a partial reduction in cardiomyocyte death and less severe electric abnormalities, suggesting that CnAβ1 overexpression preserves cardiomyocyte function in the TMEM43mut myocardium. Similarly, chemical inhibition of GSK3β reduced cardiomyocyte death and electric abnormalities and improved cardiac contraction in TMEM43mut mice. The role of GSK3β in the pathogenesis of ARVC5 was further confirmed in hiPSC-CMs bearing the p.S358L mutation, which showed improved contraction after GSK3β inhibition.

Our computer models show that the p.S358L point mutation in TMEM43 increases the hydrophobicity of the molecule and would lead to a distorted protein, impairing its function. The dimer formed between TMEM43-S358L and the WT form adopts a deformed structure that reduces its interaction with other nuclear membrane proteins such as EMD, as well as with cytoskeleton-interacting proteins. This defective interaction is illustrated by the partial delocalization of TMEM43-S358L to the cytoplasm. The functional implications of these protein-protein interactions need to be fully clarified; however, it is plausible that a reduced interaction between the nucleus and the cytoskeleton contributes to cardiomyocyte death under biomechanical stress.

Interestingly, our computer models also showed that the third transmembrane domain in mouse TMEM43 has a different conformation and orientation from that of the human protein. More important, the p.S358L mutation has no effect on the structure of mouse TMEM43. The lack of a structural change in the mutant mouse protein is likely the reason why it does not inhibit β-catenin signaling and why knock-in mice bearing the p.S358L mutation have no pathological phenotype.^[@R14]^ In addition, by using a cardiomyocyte-specific promoter to express TMEM43-S358L, we can conclude that ARVC5 is originated in cardiomyocytes and not in other cell types.

We show that human TMEM43-S358L causes cardiomyocyte death and fibrofatty replacement. Although it appears that fibrosis is not an effective therapeutic target, GSK3β inhibition by CnAβ1 overexpression or a chemical inhibitor has a beneficial effect on the mutant hearts. It will be interesting to explore GSK3β inhibitors as potential therapeutic agents for ARVC5 to improve the life of patients with this incurable disease.

Limitations
-----------

Although our transgenic mouse is the only model that reproduces human ARVC5, certain characteristics of the human disease were not presented by this model. No significant differences were found between males and females, in contrast to human patients. In addition, mice show fat infiltration in the myocardium but not to the extent found in ARVC5 human hearts.
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